Objective-It is well established that angiogenesis is a complex and coordinated multistep process. However, there remains a lack of information about the genes that regulate individual stages of vessel formation. Here, we aimed to define the role of human interferon-induced transmembrane protein 1 (IFITM1) during blood vessel formation. Approach and Results-We identified IFITM1 in a microarray screen for genes differentially regulated by endothelial cells (ECs) during an in vitro angiogenesis assay and found that IFITM1 expression was strongly induced as ECs sprouted and formed lumens. We showed by immunohistochemistry that human IFITM1 was expressed by stable blood vessels in multiple organs. siRNA-mediated knockdown of IFITM1 expression spared EC sprouting but completely disrupted lumen formation, in both in vitro and in an in vivo xeno-transplant model. ECs lacking IFITM1 underwent early stages of lumenogenesis (ie, intracellular vacuole formation) but failed to mature or expand lumens. Coimmunoprecipitation studies confirmed occludin as an IFITM1 binding partner in ECs, and immunocytochemistry showed a lack of occludin at endothelial tight junctions in the absence of IFITM1. Finally, time-lapse video microscopy revealed that IFITM1 is required for the formation of stable cell-cell contacts during endothelial lumen formation. Conclusions-IFITM1 is essential for the formation of functional blood vessels and stabilizes EC-EC interactions during endothelial lumen formation by regulating tight junction assembly. (Arterioscler Thromb Vasc Biol. The online-only Data Supplement is available with this article at http://atvb.ahajournals.org/lookup/suppl/
T he formation of endothelial cell (EC)-lined blood vessels begins during embryonic development and continues in the adult, both under physiological conditions (eg, growth, wound healing) and in numerous disease states. Whether formed by vasculogenesis (de novo assembly) in the embryo or by angiogenesis (remodeling and sprouting from the pre-existing vasculature), all new vessels must establish a lumen-the defining feature of the vasculature. 1 The cellular mechanisms that coordinate EC lumen formation have been described using a variety of in vitro and in vivo models, and although common mechanisms do emerge, some controversy remains. For example, a cord hollowing and cellular rearrangement mechanism, in which the lumen forms de novo between ECs arranged in a cord, was observed in the retina and developing aorta in mice and in the intersegmental and 2 major axial vessels in zebrafish embryos. [2] [3] [4] [5] [6] In contrast, other groups reported a cell hollowing mechanism, in which ECs form intracellular vacuoles that are exocytosed and fused between neighboring cells to form an intercellular lumen, again, in the developing aorta in mice and in the intersegmental vessels in zebrafish embryos, as well as in cultured ECs within 3-dimensional (3D) gels. [7] [8] [9] [10] [11] Our data using an in vitro angiogenesis assay suggested that lumen formation might involve a combination of these 2 mechanisms. 12 In agreement with this, Wang et al 13 reported that lumen formation in the zebrafish intersegmental vessels proceeds via a cord hollowing mechanism driven, in part, by the formation of intracellular vacuoles. The molecular regulators of vascular lumen formation modulate a variety of cellular processes, including cell-cell adhesion, extracellular matrix degradation, polarity, and motility. 14 Although this list continues to grow, our understanding of the molecular complexity of endothelial lumen formation remains in its infancy.
Human interferon-induced transmembrane protein 1 (IFITM1), which was originally identified as a downstream target of interferon stimulation, 15 belongs to the IFITM gene family, along with IFITM2, IFITM3, IFITM10, and bone-specific IFITM5/BRIL. 16, 17 IFITM1 exhibits a diverse range of cellular functions that are cell-type and context dependent, including proliferation, adhesion, and cellular resistance to viral infection. 18, 19 The 7 Ifitm/fragilis genes in mice are homologs, but not orthologs, of the human genes. Only a single ancestral gene was passed to each species, where it then duplicated independently within each lineage. Thus, the gene families may have acquired completely independent functions. 20 More than 20 years ago, a study reported that blood vessel ECs in several adult organs express human IFITM1. 21 Moreover, IFITM1 expression is induced in cultured ECs in response to interferon 22 and IFITM1 may be a pan-endothelial marker. 23 Surprisingly, however, the function of IFITM1 in ECs has not been investigated. Therefore, we asked whether IFITM1 regulates the formation of functional EC-lined blood vessels. To determine the cellular mechanisms of IFITM1 function in ECs, we used RNAi and 3D in vitro models of vessel formation. We examined the role of human IFITM1 during vessel formation in vivo using a murine xeno-transplant vascular bed model 24 : a strategy to avoid inferring gene function by comparing nonorthologous human and mouse IFITM/ fragilis genes.
Materials and Methods
Materials and Methods are available in the online-only Supplement.
Results

Endothelial IFITM1 Expression Is Regulated During Angiogenesis In Vitro
We previously developed an in vitro angiogenesis assay, in which human ECs sprout from the surface of beads embedded in fibrin gels to form microvessels. 12 In this model, ECs undergo a series of coordinated morphological changes that recapitulate the critical stages of in vivo angiogenesis, including proliferation, migration, sprouting, branching, and lumen formation ( Figure 1A ). Using this assay, we performed microarray analyses to examine temporal gene expression changes in ECs actively undergoing tube formation (unpublished data). Notably, we identified IFITM1 as being strongly induced on day 4, correlating with the onset of lumen formation, with expression peaking on day 6 ( Figure 1B ). This expression pattern was confirmed independently using quantitative reverse transcription polymerase chain reaction ( Figure 1C ). 25 In addition, Western blot analysis revealed a gradual and cumulative increase of IFITM1 protein in ECs during the course of 10 days ( Figure 1D ). To determine the expression of IFITM1 by ECs in vivo, we examined normal human tissue immunohistochemically stained with an IFITM1 antibody. As shown in Figure 1E , IFITM1 was expressed by blood vessel ECs in the bladder, brain, and stomach and exhibited a staining pattern similar to the EC marker, von Willebrand factor. Thus, endothelial IFITM1 expression correlates with vessel maturation: it is induced by ECs during the maturation stages of angiogenesis in vitro and is stably expressed by quiescent microvascular ECs in vivo.
IFITM1 Regulates EC Lumen Formation During Angiogenesis In Vitro
To elucidate the function of IFITM1 in ECs, we used RNAi to knock down expression and then examined the ability of the cells to undergo morphogenetic events during angiogenesis. Human IFITM1 exhibits ≈70% to 80% mRNA sequence identity with 2 of its family members, IFITM2 and IFITM3 ( Figure  IA in the online-only Data Supplement). Thus, we confirmed the specificity of the siRNA for IFITM1 transcripts. As shown in Figure IB in the online-only Data Supplement, transfection of ECs with IFITM1 siRNA had no significant effect on expression of either IFITM2 or IFITM3 mRNA. In contrast, IFITM1 mRNA was significantly reduced (>95%), as was protein expression, as confirmed by Western blot (Figure 2A and 2B). The residual protein band observed after IFITM1 siRNA treatment was not IFITM1 protein, but rather IFITM3 protein, which was also detected by the IFITM1 antibody, as demonstrated by the addition of IFITM3 siRNA ( Figure 2B , compare lanes 2 and 3). Knockdown of IFITM1 was persistent, with inhibition still >80% at 7 days post transfection ( Figure IC in the online-only Data Supplement). When we tested the effect of IFITM1 knockdown in ECs during angiogenesis in vitro, we found that although there was no significant effect on sprouting, EC lumen formation was almost completely inhibited ( Figure 2C -2E). Similar results were obtained using an independent IFITM1 siRNA (Figure IIA-IIE in the online-only Data Supplement). Next, to better visualize EC lumens within fibrin matrices, control and IFITM1 siRNA-treated cultures were stained for F-actin and examined using confocal microscopy. Control vessels contained a continuous lumen surrounded by a single layer of ECs along the length of the vessel (Figure 2F , left). In contrast, IFITM1 knockdown vessels lacked a lumen and instead were organized into cords of ECs ( Figure 2F , right). Collectively, these results demonstrate that IFITM1 expression is required for EC lumen formation during angiogenesis in vitro.
To confirm these initial findings, we examined the effects of IFITM1 knockdown on EC lumenogenesis using a second in vitro assay. In this system, ECs are suspended as single cells within a 3D collagen matrix and stimulated to undergo vacuole and lumen formation. 11 As shown in Figure 3A and 3B, ECs transfected with control siRNA formed large multicellular lumens within the collagen matrix. In contrast, knockdown of IFITM1 permitted only the formation of intracellular vacuoles and rudimentary intercellular lumens ( Figure 3A and 3B). IFITM1 knockdown using a second IFITM1 siRNA produced similar results ( Figure IIF and IIG in the online-only Data Supplement). Thus, IFITM1 is required for EC lumen formation within collagen matrices, consistent with our observations during angiogenesis within fibrin matrices ( Figure 2 ).
Finally, we performed rescue experiments to determine whether re-expressing IFITM1 in IFITM1-knockdown ECs could restore lumen formation. We designed an IFITM1 Figure 2 . Interferon-induced transmembrane protein 1 (IFITM1) is required for endothelial cell (EC) lumen formation during angiogenesis in vitro. A, ECs were transfected with control or IFITM1 siRNAs and knockdown of IFITM1 mRNA was assessed by quantitative reverse transcription polymerase chain reaction 24 hours later. Data are represented as percentage of control expression (set to 100)±SEM (n=3). B, ECs were transfected with indicated siRNAs and knockdown of IFITM1 protein was examined by Western blot 72 hours later. Residual signal detected after IFITM1 siRNA treatment was IFITM3 protein (compare lanes 2 and 3). Blots were probed for β-actin as a loading control. C, ECs transfected with control or IFITM1 siRNAs were seeded into angiogenesis assays for 6 days and then photographed. Arrows indicate vessels containing a continuous intercellular lumen. D and E, Assays described in C were analyzed for the number of sprouts (D) and percentage of lumenized sprouts (E). Values are mean±SEM (n=3). **P<0.005. F, Assays described in C were stained for F-actin (phalloidin, red) and nuclei (4′ Expression of the FLAG-IFITM1 protein in transduced ECs was confirmed by Western blot using a FLAG-specific antibody ( Figure 3C ). As shown in Figure 3D and 3E, the FLAG-IFITM1 retrovirus significantly rescued lumen formation in IFITM1 #2 siRNA-treated ECs, compared with the control green fluorescent protein retrovirus. Specifically, large multicellular lumens were observed in the presence of the FLAG-IFITM1 retrovirus that morphologically resembled control cultures ( Figure 3D , compare left and right panels). Thus, stable re-expression of IFITM1 protein restores lumen formation in IFITM1-knockdown ECs. We conclude from this series of experiments that IFITM1 regulates EC lumenogenesis in both fibrin and collagen matrices in vitro.
Human IFITM1 Is Required for Blood Vessel Formation In Vivo
Our knockdown studies demonstrate that IFITM1 is required for endothelial lumen formation in vitro. Therefore, we next wanted to test whether IFITM1 might similarly regulate vessel formation in vivo. There are 7 Ifitm/fragilis genes in mice. However, phylogenetic analyses performed by us and others indicate that IFITM/fragilis genes in human and mouse are not orthologs, but rather they are homologs ( Figure III in the online-only Data Supplement). 20 The IFITM/fragilis gene family in each species arose from a single common ancestral gene that was subsequently duplicated independently within each lineage. Thus, it is not possible to directly compare individual IFITM/fragilis gene functions between the 2 species. Therefore, we turned to a xeno-transplant vascular bed model, whereby human ECs suspended in a fibrin gel form microvessels that anastomose with the host vasculature when implanted under the skin of a mouse ( Figure 4A ). 24 As shown in Figure 4B , control siRNA-treated ECs organized into microvessels within the implant tissue and formed functional anastomoses with host vessels, as evidenced by the presence of mouse erythrocytes within the human vessels. In sharp contrast, IFITM1-knockdown ECs failed to form functional vessels ( Figure 4C ). Instead, only rudimentary vessel-like EC cords lacking a distinct lumen were observed ( Figure 4C and 4D) . Notably, these nonperfused vessels were unable to support the robust stromal cell growth observed in control tissues ( Figure 4A-4C) . The failure to form lumenized structures was not because of a defect in cell migration, as control and IFITM1-knockdown cells showed similar migratory rates in 3D collagen gels (control, 0.27±0.04 μm/min; IFITM1-knockdown, 0.29±0.05 μm/min). These transplant studies are entirely consistent with our in vitro data and demonstrate that IFITM1 expression is also required for human vessels to form lumens in vivo. 
IFITM1 Is Dispensable for Early Stages of Lumenogenesis
EC lumen formation has been proposed to occur via a step-wise process, beginning with the formation of intracellular pinocytic vacuoles, followed by intracellular vacuole fusion and ending with intercellular coalescence of neighboring EC vacuoles. Expansion and remodeling then follows to form a continuous vessel lumen. 8, 9, 26 To determine whether IFITM1 is required for pinocytic vacuole formation, we examined the process of lumen formation in collagen matrices in the presence of fluorescein isothiocyanate-dextran. 27 During the course of 4 hours, newly formed pinocytic vacuoles become fluorescently labeled and could be easily visualized ( Figure 5A-5F) . Interestingly, siRNA-mediated suppression of IFITM1 had no effect on the ability of ECs to form intracellular vacuoles ( Figure 5G and 5H ). Next, we examined EC vacuole formation during angiogenesis within fibrin matrices by staining for F-actin, which associates with EC vacuole membranes during lumen formation. 27 Consistent with our observations in collagen matrices, several distinct intracellular vacuoles were present in ECs in fibrin gels even in the absence of IFITM1 expression ( Figure 5I ). Moreover, we also found evidence of incomplete intercellular vacuole fusions between neighboring ECs within individual sprouts. Collectively, these studies demonstrate that IFITM1 expression is dispensable for EC intracellular vacuole formation and suggest that IFITM1 regulates a subsequent morphological event during EC lumen formation.
IFITM1 Regulates Junctional Stability During EC Lumen Formation
A critical step during EC vessel and lumen maturation is stabilizing EC-EC junctions. 28 As IFITM1 was shown recently to associate with the tight junction (TJ) protein occludin in hepatocytes, 29 we reasoned that the failure of IFITM1-knockdown ECs to form mature lumens might be explained by their inability to assemble stable TJ adhesion complexes. Therefore, we first confirmed the physical interaction of IFITM1 and occludin proteins in ECs using coimmunoprecipitation ( Figure 6A ). Next, we examined the effects of IFITM1 knockdown on occludin localization in confluent EC monolayers and found that occludin was almost completely absent from TJs in IFITM1 siRNA-treated ECs ( Figure 6B ). Knockdown of IFITM1 also caused aberrant cytosolic accumulation of a second TJ protein, claudin-5, providing further evidence for a defect in TJ formation ( Figure IV in the online-only Data Supplement). In addition, IFITM1-knockdown EC monolayers exhibited impaired TJ barrier function, as determined by an increase in paracellular permeability ( Figure 6C ). Finally, to determine whether endothelial junctional stability was disrupted in IFITM1-knockdown ECs during lumen formation, we used time-lapse video microscopy (Movies I-IV in the online-only Data Supplement). ECs transfected with either of the 2 control siRNAs established initial intercellular interactions within the 3D collagen matrix that remained relatively stable over time to facilitate the formation, remodeling, and expansion of multicellular lumens ( Figure 6D and 6E; Movies I and II in the online-only Data Supplement). In sharp contrast, ECs transfected with either of the 2 IFITM1 siRNAs formed unstable, dynamic intercellular interactions ( Figure 6D and 6E ; Movies III and IV in the online-only Data Supplement). EC lumens were only formed transiently, cycling through phases of initiation followed by disassembly ( Figure 6D and 6E) . Junctional stability was similarly disrupted in IFITM1-knockdown ECs during sprouting angiogenesis in fibrin gels ( Figure V in the online-only Data Supplement and data not shown). Collectively, these data demonstrate that IFITM1 is required for the proper localization of occludin and claudin-5 in ECs and suggest that IFITM1 may regulate endothelial TJ stability during lumen formation.
Discussion
In the present work, we define a novel role for IFITM1 in endothelial lumenogenesis during blood vessel formation. Using an siRNA approach to knock down IFITM1 expression, we developed a clear understanding of the cellular mechanisms underlying IFITM1 function in ECs during vascular morphogenesis. Although IFITM1 was dispensable for EC sprouting and migration within 3D matrices, it was absolutely required for multicellular lumen formation and subsequent vessel maturation. IFITM1-knockdown ECs proceeded normally through the early stages of lumen formation, which includes the formation of pinocytotic vacuoles and their subsequent intracellular fusion, 8, 14 whereas the later phase of intercellular vacuole fusion to yield multicellular lumens invariably failed, apparently because of mislocalization of the TJ proteins occludin and claudin-5.
We think that our observations using 2 different in vitro assays reflect the same defect-an inability to stabilize junctions. This was most obvious in collagen gel lumenogenesis assays, in which ECs begin as single cell suspensions in the gel; we observed IFITM1-knockdown ECs coming together, forming temporary contacts, and then separating again before stable intercellular lumens could form. Interestingly, in fibrin gel angiogenesis assays, in which cells are in contact from the beginning of the assay, we did not see IFITM1-knockdown ECs migrating away from one another. Rather, we noted that cords of connected ECs migrated (sprouted) away from the bead, but never underwent intercellular lumen formation. Although we do not yet have a clear explanation for this difference, it may relate to the local microenvironment, which in the sprouting assay contains fibroblast-derived factors. Indeed, we previously demonstrated that fibroblast-derived matricellular proteins play a critical role in lumen formation, partially by increasing gel stiffness. Thus, it may be that this modified matrix constrains ECs during junctional remodeling, whereas in the absence of fibroblasts, such as in the collagen gel lumenogenesis assay, ECs more readily migrate away from each other. In support of this hypothesis, we found that in our in vivo model, where fibroblasts are present, cords of IFITM1-knockdown ECs were present, and these cords lacked a lumen.
Further support for the idea that IFITM1 regulates junctional assembly and stability comes from our observation that IFITM1 interacts with the TJ protein occludin in ECs, consistent with a recent report in hepatocytes. 29 Importantly, we demonstrated that occludin failed to localize to TJs in the absence of IFITM1 expression. Occludin knockout mice, however, are viable and exhibit normal TJ morphology, with no reported vascular defects. 30 These discrepancies may reflect inherent differences between mice and humans 31 or might suggest that IFITM1 knockdown has additional effects on endothelial TJ assembly. In agreement with the latter, we also observed aberrant localization of a second TJ protein, claudin-5, in IFITM1-knockdown ECs.
Although our data clearly demonstrate dysregulated localization of occludin and claudin-5 in the absence of IFITM1 expression in ECs, the precise molecular mechanisms underlying IFITM1 regulation of TJ assembly and stability remain elusive. One potential mechanism might involve a role for IFITM1 in coordinating the recycling of internalized TJ Figure 6 . Interferon-induced transmembrane protein 1 (IFITM1) regulates junctional stability during endothelial cell (EC) lumen formation. A, Whole cell lysates from ECs transfected with vector or FLAG-IFITM1 expression constructs were immunoprecipitated using a FLAG antibody and protein complexes were analyzed by Western blot by probing for occludin or FLAG, as indicated. Immunoprecipitation with an IgG antibody was used as a control. B, ECs were transfected with control #2 or IFITM1 #2 siRNAs, grown to confluence, immunostained for occludin, and visualized using conventional fluorescence microscopy. C, Paracellular flux of fluorescein isothiocyanateconjugated 40 or 150 kDa dextran across confluent monolayers of control or IFITM1 siRNA-transfected ECs was measured by transwell permeability assay. Data are mean fluorescence units±SEM (n=4). *P<0.05, **P<0.005. D and E, ECs transfected with the indicated siR-NAs were seeded into lumenogenesis assays and examined by time-lapse video microscopy. D, Frame grabs at the indicated times are shown. Control ECs formed stable large multicellular lumens (arrows). IFITM1-knockdown EC lumens were unstable, repeatedly initiating and regressing (arrowheads). E, Videos were analyzed for the stability of EC-EC contacts by quantifying the number of cells that maintained, lost, or never made contact with a neighboring cell, expressed as a percentage of the total number of cells quantified for each condition±SEM (n=3). *P<0.05. IB indicates immunoblot; and IP, immunoprecipitation.
proteins back to the plasma membrane during TJ remodeling. Indeed, IFITM proteins function in the endosomal pathway to inhibit viral infection 18 and internalized occludin and claudin-5 are returned to the plasma membrane from recycling endosomes during TJ remodeling in brain ECs. 32 Alternatively, IFITM1 protein may itself be a critical component of the endothelial TJ complex, as IFITM1 has been shown to localize to hepatic TJs. 29 Distinguishing between these and other possibilities will be the focus of future studies.
As noted above, our in vivo data using a xeno-transplant vascular bed model 24 were consistent with our in vitro observations: in the absence of IFITM1 expression, implanted human ECs failed to form functional, mature, lumenized vessels. This result is further supported by our observation that IFITM1 is expressed by quiescent blood vessel ECs in multiple human tissues, in agreement with previous reports. 21, 23 Taken together, these data suggest that IFITM1 is required for both the formation and the maintenance of blood vessel lumens.
The use of human ECs in these studies proved critical, as our phylogenetic analysis revealed that although the human and mouse IFITM/fragilis genes are homologs, they are not orthologs-a single ancestral gene (predicted to be IFITM5/ BRIL) was passed to each lineage where it subsequently underwent independent duplications, a conclusion also drawn by others. 19, 20, 33 Thus, manipulation of mouse fragilis genes could not be used to reliably investigate the function of the human IFITM1 gene. In agreement with this, our studies silencing human IFITM1 in ECs demonstrated that the expression of IFITM2 and IFITM3 was not sufficient to functionally compensate for the loss of IFITM1, whereas mice carrying a deletion of either the entire fragilis locus on chromosome 7 (encompassing 5 fragilis family members) or only the Ifitm3/fragilis gene had no discernable phenotype, despite a previously defined role in murine embryonic development, suggesting functional redundancy and compensation within the mouse fragilis gene family. 19, 34 Our studies in vitro and in vivo indicate that IFITM1 regulates EC lumen formation within a diverse range of complex extracellular matrices, suggesting that the function of IFITM1 is not matrix, or by implication, integrin specific. These findings also highlight the potential relevance of IFITM1 function to vessel formation, both within physiological settings, in which type I collagen dominates the interstitial matrix, and pathological settings, which are characterized by a provisional matrix rich in vitronectin, fibronectin, and fibrin. 35 Our results also implicate IFITM1 in diseases such as diabetes mellitus, stroke, and hypoxia/aglycemia, in which vessel barrier function is disrupted in association with occludin downregulation. 31 In summary, our data define IFITM1 as a novel regulator of EC lumen formation during vascular morphogenesis. We describe a mechanism by which IFITM1 regulates the expansion and maturation of nascent EC lumens into multicellular tubular networks by regulating either the formation, stability or formation and stability, of endothelial TJs. Thus, IFITM1 may prove to be a useful therapeutic target in settings of pathological angiogenesis.
